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metabolism | thymus | Birt-Hogg-Dubé syndrome I nvariant natural killer T cells (iNKT) are a unique subset of immunoregulatory T-cell receptor (TCR)-αβ T cells that express a semi-invariant T-cell antigen receptor (Vα14Jα18 in mice) combined with a limited TCR-β-chain repertoire. iNKT cells recognize mostly self-and microorganism-derived glycolipid antigens presented by the nonpolymorphic MHC class I-like molecule CD1d. Upon activation, iNKT cells participate in the early phases of the immune response to tumors and infectious organisms by producing numerous cytokines. In some instances, such as allergy and atherosclerosis, iNKT cell activity is deleterious to the host, reinforcing the importance of identifying factors that regulate iNKT cell development (1) (2) (3) .
Similar to conventional T cells, iNKT cells develop in the thymus according to a carefully orchestrated series of checkpoints, which ensure completion of appropriate TCR rearrangement, proliferation, and maturation (4, 5) . At least four distinct stages of iNKT development have been defined through differences in expression of CD24, CD44, and NK1.1 on TCR-αβ + T cells that bind CD1d-α-galactosylceramide (αGalCer) tetramers. The earliest committed iNKT cells (stage 0) express CD4 and CD24, and are derived from the thymic double-positive [CD4 + CD8
+ (DP)] cells following successful gene rearrangement of the TCR Vα14Jα18 segments. In conjunction with the signaling lymphocyte activation molecule (SLAM), stage 0 iNKT cells then become highly proliferative as the pool of iNKT cells is expanded in stage 1. The transition from stage 1 to stage 2 is accompanied by CD44 upregulation and continued Myc-dependent expansion (6) (7) (8) . Further maturation to stage 3 involves surface expression of NK1.1 and NKG2D effector molecules, and can occur either in the thymus or following migration of stage 2 cells to the periphery (9) . Their immunological features and functions may be reprogrammed in secondary lymphoid tissues (10-12).
The particular signaling proteins and transcription factors that control iNKT cell lineage commitment and development are beginning to be realized. For example, SLAM-SAP-Fyn signaling and Runt-related transcription factor (Runx)1 protein are important for commitment of DP thymocytes to stage 0 of the iNKT lineage (13) . The type I basic helix-loop-helix family member, HEB, is essential for the maturation of stage 0 to stage 1, in part by increasing expression of the survival factors Rorγt and Bcl-x L (13) (14) (15) . The Calcineurin/NFAT/early growth response protein 2 (Egr2) signaling pathway is important for generation of stage 1 and stage 2 iNKT cells (16) , and the transcriptional regulator promyelocytic leukemia zinc finger (PLZF) have been identified as a critical regulator of iNKT cell development (17, 18) . Specific deletion of c-Myc in DP thymocytes leads to a block in iNKT cell expansion at stages 1 and 2 (6, 7). The T-box transcription factor, Tbx21 (T-bet), is also essential for iNKT cell maturation at the transition from stage 2 to stage 3 (19) . After migrating to peripheral lymphoid tissues, stage 2 iNKT cells mature further under control of Id2 (11) and GATA-3 (20, 21) . These checkpoint molecules together help define iNKT maturation and homeostasis.
We previously reported that disruption of Folliculin-interacting protein 1 (Fnip1) arrests B-cell development at the large pre-B-cell stage because of defective cell survival in response to metabolic stress (22) . Although the functions of Fnip1 are poorly defined, it physically interacts with Folliculin [encoded by the BHD (Birt-Hogg-Dubé) gene], and all three subunits of AMPK, a serine-threonine kinase that stimulates energy production and turns off energy consumption in response to low ATP/AMP balance (23, 24) . AMPK decreases energy (ATP) consumption by inhibiting mammalian target of rapamycin (mTOR)-driven cell
Significance
Identifying factors that regulate the development of cytokineproducing immunoregulatory invariant natural killer T (iNKT) cells is critical for understanding how to modulate these cells to promote cell-mediated immunity to cancer and infectious organisms or suppress excessive inflammation in autoimmune disease. Here, we identified an essential role for the metabolic regulator Folliculin-interacting protein 1 (Fnip1) in iNKT cell development and survival. Fnip1 physically interacts with AMPK, an energy-sensing enzyme that stimulates mitochondria and ATP production in response to energy deficit, while inhibiting mammalian target of rapamycin (mTOR)-mediated cell growth. Fnip1-deficient iNKT cells contain reduced mitochondrial number and hyperactive mTOR, which resulted in decreased ATP levels and increased sensitivity to apoptosis. Our findings indicate that Fnip1 is vital for maintaining metabolic balance during iNKT cell development. growth, by phosphorylating and activating TSC2 (25) , and by phosphorylating and inactivating Raptor (26) . In a recent study, the Folliculin-Fnip1/2 complex was also found to stimulate embryonic stem cell differentiation by limiting access of Tfe3 into the nucleus, thereby allowing efficient exit from naive pluripotency (27) . These studies suggest that Folliculin, Fnip1, and Fnip2 may act to modulate AMPK and mTOR activities during cellular differentiation.
In this study, we identified an essential role for Fnip1 in iNKT cell development and survival. This block is correlated with increased PLZF expression in stage 2 cells, and an inability to maintain metabolic homeostasis associated with iNKT precursor cell proliferation.
Results
Fnip1 Deficiency Impairs iNKT Cell Development, Whereas CD4, CD8, and TCR-γδ T Cells Develop Normally. Previous studies indicated that Fnip1 deficiency completely blocks B-cell development at the large pre-B-cell stage, whereas conventional αβ T cells develop normally (22, 28) . In this study, we extended our analyses of Fnip1 −/− mice by examining if Fnip1 is important for the development and function of γδ, NK, and iNKT cells and dendritic cells. This analysis revealed normal representation (Fig. 1A ) and total number of thymic CD4 and CD8 subsets (Fig. S1) , and thymic Foxp3
+ T-regulatory cells (Treg), TCR-γδ T cells, and NK cells (Fig. 1B) , as well as normal representation of CD4, CD8, Treg, NK, and dendritic cells in the spleen of Fnip1 −/− relative to WT mice (Fig. S1 ). In contrast, Fnip1 deficiency nearly completely blocked the development of thymic TCRβ (Fig. 1C) . To assess the development of iNKT cells in mice lacking Fnip1, thymocytes were stained with CD1d dimer or tetramer loaded with the prototypic iNKT cell antigen αGalCer, which allows for the specific detection of their TCR. Fnip1 deficiency resulted in significant reduction in the percentage and total number of CD1d tetramer-binding, TCR-β + iNKT cells and tetramer-binding NK1.1 + iNKT cells in the thymus (Fig. 1C ). There was a concomitant deficiency of CD1d tetramer-binding iNKT cells in the spleen and liver (Fig.  1D ). Similar to iNKT cell development, type II NKT cells, which express TCR-β and NK1.1 but do not bind the CD1d tetramer, were also developmentally impaired in Fnip1 −/− mice (Fig. 1E ). Three subsets of iNKT cells, referred to as iNKT1, iNKT2, and iNKT17, have recently been identified according to differential expression of PLZF, T-bet, IL-17RB, and Rorγt, and distinct cytokine profiles (10, 12) . Analysis of spleen and lymph node cells revealed that the number of all three iNKT subsets was reduced in Fnip1 −/− mice (Fig. S2 ). These results indicate that Fnip1 is selectively required for the development of NKT cells, whereas other T-lineage cells develop normally. thymi. Next we examined the expression of Fnip1 in the different stages of iNKT development in control thymocytes by real-time PCR. Total iNKT cells from WT thymocytes were enriched by tetramer selection using magnetic beads and iNKT developmental subsets were FACS-sorted based on CD44 and NK1.1 markers. Fnip1 expression was robust in stage 1 and 2 iNKT cells, but was minimally expressed in mature stage 3 iNKT cells (CD44 + NK1.1 + ) (Fig. S5 ). To examine whether loss of Fnip1 affected expression of transcription factors known to be important for iNKT cell development, CD1d tetramer-binding
WT and Fnip1
−/− iNKT cells were stained with antibodies specific for Egr2, Runx1, Rorγt, PLZF, and T-bet proteins in conjunction with CD24, CD44, and NK1.1 markers. Interestingly, we found that PLZF expression was increased in iNKT cells from Fnip1 −/− versus WT mice ( Fig. 2 B and C). In contrast, T-bet, Rorγt, Egr2, and Runx1 were present at similar levels throughout development of Fnip1 −/− and WT iNKT cells (Fig. S6 ). Previous studies have suggested that PLZF expression is tightly regulated during iNKT cell development, and is down-regulated following maturation of iNKT cells to stage 3 (17, 29, 30) . In line with this, we found that PLZF expression in WT mice was downregulated during the transition from stage 2 to stage 3 ( Fig. 2D) . By contrast, analysis of Fnip1 −/− iNKT cells revealed PLZF protein was only partially down-regulated in phenotypically mature stage 3 cells ( tetramer, and NK1.1 type II NKT cells are shown among CD1d tetramernegative cells. Shown are the mean ± SEM of eight mice per group. *P < 0.05 (unpaired t test), **P < 0.0001 (unpaired t test).
tetramer-positive iNKT cells, whereas Fnip1 −/− mice lacked mature iNKT cells (Fig. 3A) . To determine whether the defects in iNKT cell development were cell autonomous, we transferred a 1:1 mixture of bone marrow cells from WT (CD45.1
−/− recipients and analyzed hematopoietic cell development 10 wk later. There was an equal contribution of donor-derived cells to the development of CD4 and CD8 thymocytes (Fig. 3B) , whereas B cells were exclusively derived from WT donor cells (22) . Analysis of cells isolated from thymus, spleen, and liver indicated that Fnip1 −/− iNKT cells failed to develop, whereas WT iNKT cells in the same animal developed normally (Fig. 3B) . These results indicate that the defect in the development of Fnip1 −/− iNKT cells is cell autonomous and is not because of a defective environment.
Expression of Vα14Jα18 Transgene Does Not Rescue iNKT Cell
Differentiation in Fnip1-Deficient Mice. We next tested whether the transgenic provision of rearranged Vα14Jα18 in Fnip1 −/− mice could overcome the arrest in iNKT cell development.
Fnip1
−/− and WT mice were bred with Vα14Jα18 transgenic mice (31) . Expression of the Vα14Jα18 transgene did not drive iNKT cell maturation in Fnip1 −/− mice, as shown by a failure to increase stage 3 numbers and to up-regulate NK1.1 and NKG2D (Fig. 4A) . As expected, Vα14Jα18 transgene expression in Fnip1 −/− mice increased the representation of immature tetramer-positive cells (Fig. 4A, column 3) . Further analysis of CD44 and NK1.1 within CD1d tetramer-positive cells indicated that considerable numbers of stage 1 iNKT cells accumulated in Vα14Jα18Tg x Fnip1 −/− mice compared with Vα14-Jα18Tg × WT mice (Fig. 4A) and Fnip1 −/− mice ( Fig. 2A) , suggesting that other intrinsic cellular programs of iNKT cells are required to proceed beyond stage 1 (31) (32) (33) .
iNKT cells express a TCR-α chain derived from rearranged Vα14 and Jα18 TCR gene segments (15, 34) . Because the Jα18 gene segment is located at the distal end of the Jα locus, its use requires secondary rearrangements and is dependent on an extended lifespan of DP thymocytes (1). We investigated whether impaired iNKT cell generation is caused by fewer distal Jα gene segment rearrangements in Fnip1 −/− DP cells, which would skew the TCR-α repertoires. Analysis of CD24, CD44, and NK1.1 surface expression within CD1d tetramer-positive cells showed that early committed stage 0 iNKT precursors were represented normally in Fnip1 −/− mice relative to WT mice (Fig. 4B) . Total DP thymocytes from WT and Fnip1 −/− mice were FACS-sorted, and quantitative real-time PCR analysis was used to detect Vα14 and Vα3 rearrangements to proximal Jα56 and distal Jα18 and Jα9 gene segments. We found normal use of distal Jα segments relative to WT mice, even though there was a profound defect of mature tetramer-positive cells in Fnip1 −/− thymocytes (Fig. 4C) . CD1d tetramer-positive cells also expressed lower levels of the IL-7 receptor α-chain (IL-7Rα) compared with controls. However, transgenic expression of the IL-7Rα in Fnip1 −/− mice did not rescue iNKT cell maturation (Fig. S8) . WT iNKT cell maturation and cellularity were not affected by overexpression of IL-7Rα.
We next examined whether defective maturation of Fnip1
iNKT cells was a result of defective cell proliferation or impaired cell survival. To assess cell division, mice were pulsed with BrdU and assayed 24 h later. Relative to WT iNKT cells, Fnip1
iNKT cells divided equivalently during stages 1 and 2, but exhibited increased division during stage 3 based on increased BrdU incorporation (Fig. 5A ). In contrast, Fnip1 deficiency decreased cell viability during iNKT cell development based on an increased percentage of Caspase 3-positive cells in stage 2 and stage 3 (Fig. 5B) . To examine whether increased apoptosis of iNKT cells in Fnip1 −/− mice was associated with the Bim pathway, Fnip1 −/− mice were bred to Bim1 −/− mice and iNKT cell development was assessed. Bim, a proapoptotic member of the Bcl-2 family, induces cell death in response to cytokine withdrawal (35) . Maturation and cellularity of Fnip1 −/− iNKT cells was not restored by the removal of Bim (Fig. S8) . These results suggest that Fnip1 −/− iNKT cells are more sensitive to apoptosis, whereas proliferative signals are transmitted relatively normally.
Apoptosis is often associated with impaired mitochondrial function and increased mitochondrial stress, resulting in production of reactive oxygen species (36) . To examine mitochondria functions in Fnip1 −/− iNKT cells, thymic iNKT cells from were FACS-sorted and PLZF transcript was analyzed by realtime PCR. Shown is the mean PLZF expression (± SEM) of three mice per group. *P < 0.05 (unpaired t test), **P < 0.0001 (unpaired t test).
WT and Fnip1 −/− mice were stained with MitoTracker and MitoSox, which detect mitochondrial mass and superoxide accumulation respectively. We found that Fnip1 −/− iNKT mitochondria mass was significantly decreased during stage 1 but was normal during stages 2 and 3 compared with WT iNKT cells (Fig. 5C ). In contrast, superoxides were increased in Fnip1 −/− compared with WT iNKT cells during stages 2 and 3 (Fig. S9) . These data suggest disruption of Fnip1 results in altered mitochondrial homeostasis and potentially impaired mitochondrial function.
Fnip1 Deficiency Results in Increased mTOR Activation and Cell
Growth. Fnip1 and Fnip2 physically interact with the energy sensor AMPK, and thus may modulate AMPK/mTOR signaling and cellular metabolism (23, 37, 38) . Because Fnip1 −/− iNKT cells are more sensitive to apoptosis, we examined whether Fnip1 −/− iNKT cells are in energy deficit. Endogenous ATP levels were measured on sorted stage 1 NKT cells from WT and Fnip1 −/− thymocytes, revealing that stage 1 Fnip1 −/− iNKT cells have decreased basal ATP levels compared with their WT counterparts (Fig. 6A) . Moreover, relative to WT iNKT cells, Fnip1 −/− iNKT cells are larger in size based on increased forward scatter characteristics, and contain increased intracellular phospho-S6R, a downstream effector of mTOR (Fig. 6B) . These results suggest that even with low ATP levels, Fnip1 −/− iNKT cells fail to properly inhibit mTOR signaling, which further contributes to energy imbalance.
To determine whether excessive mTOR signaling is the sole cause of impaired iNKT cell development in Fnip1 −/− mice, we treated Fnip1 −/− and control mice with the mTOR inhibitor rapamycin for up to 7 wk, beginning in utero and extending to 6 wk of age. We found that long-term in vivo rapamycin treatment did not rescue iNKT cell development in Fnip1 −/− mice (Fig. 6C) , despite efficient inhibition of mTOR.
Discussion
Developing lymphocytes undergo progressive periods of differentiation and proliferation that require distinct changes in cell metabolism to support cell growth and division (39) . The coordination of energy availability and molecular synthesis, with cellular expansion and maturation, is crucial for maintaining metabolic balance and ensuring cell survival. In this study, we found that the AMPK-interacting protein Fnip1 is essential for iNKT cell development, and we propose that disruption of Fnip1 results in metabolic imbalance, which triggers apoptosis in response to metabolic stress during iNKT cell proliferation. Regulation of the AMPK/mTOR axis by Fnip1 may ensure that iNKT progenitors have adequate metabolic capacity to fuel clonal expansion during development and to fully mature.
Our analysis of Fnip1 −/− mice revealed a very specific effect of Fnip1 loss on iNKT cell and type II NKT cell development, whereas the development of NK cells, γδ T cells, and conventional TCR-αβ T cells was unperturbed. Mixed bone-marrow chimera experiments showed that the defect in of late iNKT cell markers, such as CD122, NK1.1, and NKG2D (17, 29, 30) . These studies suggest that iNKT cell development is exquisitely sensitive to levels of PLZF. Recent findings indicate that iNKT cells consist of at least three subsets (iNKT1, iNKT2, iNKT17), whereby lineage determination is guided by distinct transcription factors, including T-bet (iNKT1 cells), Rorγt (iNKT17 cells), and PLZF (iNKT2 cells) (10, 12) . Our studies show that development of three iNKT subsets is impaired in Fnip1 −/− mice (Fig. S2) . Fnip1, Fnip2, and Folliculin physically interact as a complex with HSP-90 and all three subunits of AMPK (40) . In response to low energy, AMPK stimulates ATP and nutrient production by stimulating autophagy (23, 41) and by increasing mitochondrial biogenesis. AMPK also turns off energy and nutrient consumption by inhibiting mTOR (25, 26) . In this study, we found that basal ATP levels are decreased in stage 1 Fnip1 −/− iNKT cells relative to WT iNKT cells, perhaps because of decreased mitochondria mass and function, or increased mTOR-mediated energy consumption. Fnip1
−/− iNKT cell progenitors are also larger in size and contain increased levels of phospho-S6R, indicative of increased mTOR activation. These results suggest that Fnip1 is required for inhibition of mTOR in response to metabolic stress, resulting in excessive nutrient/energy consumption and increased sensitivity to apoptosis. Consistent with this notion, conditional disruption of the mTOR inhibitor TSC1 using CD4-Cre also results in excessive mTOR activation and inhibition of iNKT cell development because of increased apoptosis (42) . However, whereas rapamycin rescues cell size and survival in TSC1-null mice, rapamycin failed to rescue iNKT cell development in Fnip1 −/− mice. These results suggest that Fnip1 controls iNKT cell development in both mTOR-dependent and -independent manners.
Recent studies suggest that Fnip-family proteins contain DENN (differentially expressed in normal and neoplastic cells) domains, known to be important for activating vesicle fusion and induction of autophagy in other systems (43) . In addition, Fnip1 and Folliculin have been implicated in autophagy induction in other cell types (44) . Whereas the mechanism of how loss of Fnip1 inhibits autophagy is unclear, AMPK activates the proautophagy PI3 kinase vacuolar sorting protein 34 (Vps34) complex (45, 46) , and conditional disruption of Vps34 also inhibits iNKT cell development at stage 1 (47) . These reports suggest that impaired autophagy combined with dysregulated mTOR may contribute to impaired iNKT cell development in Fnip1 −/− mice. Disruption of Fnip1 inhibits B-cell development and iNKT cell development at transitions where differentiation is coincident with massive expansion and metabolic stress associated with expression of c-Myc (22) . Conditional disruption of c-Myc mirrors loss of Fnip1, including inhibition of B-cell development at the pre-B-cell stage (48) and impaired iNKT development at stages 1-2 (6, 7). However, whereas Mycdependent pre-B and iNKT cell division proceeds normally in the absence of Fnip1, cell survival is significantly impaired. Recent studies indicate that Myc stimulates cell division and growth in part by modulating cell metabolism to support cell division (see ref. 49 for review). For example, Myc increases protein synthesis (50) and stimulates a shift toward glycolysis at the expense of oxidative phosphorylation. We speculate that Fnip1 is important for ensuring that energy and nutrient supply exceed consumption during Myc-dependent cell growth. "Resting" Fnip1-null pro-B cells and stage 0 iNKT cells are able to maintain metabolic homeostasis, but are unable to do so following Myc-dependent expansion resulting in apoptosis. Consistent with this notion is the finding that loss of Fnip1 blocks B-cell transformation by the Eμ-Myc transgene (22) .
It remains unclear why B-and iNKT cell development are exclusively disrupted by the loss of Fnip1, whereas conventional TCR-αβ T-cell development proceeds unperturbed. Because Fnip2 is also expressed in developing T-lineage cells (22) , targeted disruption of the Fnip2 gene should shed light on understanding differential functions of Fnip family members in immune cell function and metabolism.
Materials and Methods

Mice. Fnip1
−/− were generated as previously described (22) . age-/sex-matched C57BL/6 (Jackson Laboratories) as WT mice at 6-12 wk old. Mice were housed under specific pathogen-free conditions and all animal procedures were approved by the University of Washington Institutional Animal Care and Use Committee (Seattle, WA).
Enrichment of iNKT Cells. Total thymocytes were incubated with Fc receptor block, washed and stained with biotinylated CD1d/αGalCer complex (BD DimerX). iNKT cells were then purified with a MACS cell sorting system (Miltenyl Biotec) after streptavidin microbead labeling. For convenience, these cell preparations are referred to as "CD1d tetramer-enriched" in the text.
Statistical Analysis. The statistical significance of differences between WT and KO groups were analyzed using the Student's two-tailed t test. P < 0.05 values were considered as significant. P values were calculated by using Prism software (GraphPad).
